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Abstract 

HMG-CoA reductase is the rate-limiting enzyme in the mevalonate pathway and the target of cholesterol-lowering statins. 
We characterized the C. elegans hmgr-1 (tm4368) mutant, which lacks HIVlG-CoA reductase, and show that its phenotypes 
recapitulate that of statin treatment, though in a more severe form. Specifically, the hmgr-1 (tm4368) mutant has defects in 
growth, reproduction and protein prenylation, is rescued by exogenous mevalonate, exhibits constitutive activation of the 
UPR'^'^ and requires less mevalonate to be healthy when the UPR"^' is activated by a constitutively active form of ATFS-1 . We 
also show that different amounts of mevalonate are required for different physiological processes, with reproduction 
requiring the highest levels. Finally, we provide evidence that the mevalonate pathway is required for the activation of the 
UPR'"*. 
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Introduction 

The mevalonate pathway converts acetyl-CoA into small 
prenylated lipids that are in turn precursors for many essential 
metabolites [1,2]. In mammals, the mevalonate pathway is 
essential for the biosynthesis of cholesterol, coenzyme (also 
known as ubiquinone; a component of the electron transport chain 
in mitochondria), dolichols (important for N-glycosylation of 
proteins) and isoprenoids (farnesyl pyrophosphate or geranylger- 
anyl pyrophosphate; critical for the membrane association of small 
GTPases). Because the mevalonate pathway is the source of 
cholesterol in mammals, it is the target of a class of compounds, 
the statins, that lower plasma cholesterol levels by inhibiting the 
rate-limiting enzyme in the pathway, namely 3-hydroxy-3-methyl- 
glutaryl-CoA (HMG-CoA) reductase, that converts HMG-CoA 
into mevalonate. Millions of patients use statins daily to lower their 
cholesterol levels, and hence reduce the risk of cardiovascular 
disease. The great majority of statin-treated patients experience no 
significant side effects, but some patients experience muscle pains 
or, in rare cases, muscle breakdown, and other side-effects have 
been reported [3] . Statins also have anti-inflammatory effects, and 
are promising anti-cancer drugs because they inhibit the 
prenylation of small GTPases, such as RAS, which are commonly 
activated in human cancers [4,5]. Importantly, little is known 
about the mechanisms for many of the effects of statins that are 
unrelated to their cholesterol lowering action. One of our goals is 
therefore to understand specifically the effects of inhibiting the 
mevalonate pathway that are unrelated to the inhibition of 
cholesterol synthesis. 

The mevalonate pathway is conserved in C. elegans except that 
worms lack the branch of the pathway that leads from farnesyl 
pyrophosphate to cholesterol [6] . Statins cause many phenotypes 



in C. etegam, including decreased protein prenylation, induction of 
the endoplasmic reticulum (UPR'*'), growth arrest, sterility and 
lethality depending on the developmental stage of the treated 
worms [7]. These effects are due to HMG-CoA reductase 
inhibition since they are abrogated by the addition of mevalonate 
to the culture medium. Activation of the mitochondrial unfolded 
protein response (UPR™') leads to statin resistance in C. elegans, 
suggesting that mitochondrial insult is a critical consequence of 
statin treatment in this organism [8]. 

In the present study we sought to estabhsh a genetic model to 
study the effects of mevalonate pathway inhibition in C. elegans. To 
this end, we characterized a C. elegans vautant, hmgr-l(tm4368), that 
lacks the HMG-CoA reductase gene. This mutant recapitulates 
many of the phenotypes that are induced by statins, and allowed us 
to make several novel observations. 

Results 

Domain Structure of the C. elegans HMGR-1 Protein 

The hmgr-1 gene encodes the sole homolog of HMG-CoA 
reductase in C. elegans. A sequence comparison using TreeFam 
shows that nematodes have lost the sterol-binding domain during 
the course of evolution: the worm HMGR-1 protein contains a 
373 amino acid-long HMG-Co A reductase enzymatic domain but 
lacks the sterol-binding domain of SREBP cleavage-activation that 
is present in baker's yeast, fruit fly and vertebrates (Fig. 1) [9] 
[10]. C. elegans HMGR-1 is therefore probably not regulated by 
sterol abundance, which is consistent with the fact that the 
mevalonate pathway does not contribute to cholesterol synthesis in 
this organism [6]. 
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Figure 1. TreeFam cladogram of HMG-CoA reductases. The TreeFam family HMGCR (3-hydroxy-3-methylglutaryl-Coenzyme A reductase, 
TF1 05362) has 1 17 entries from 104 species. The final alignment was 1717 AA long and on average 56% conserved. TreeBest [9] was used to build a 
tree and reconcile it with the species tree. BLUE: N-terminal domain with HPIH motif found in fungi and with unknown function. GRAY: Sterol-sensing 
domain of SREBP cleavage-activation [26]. This domain is absent in C. elegans. RED: HMG-CoA reductase catalytic domain. 
doi:10.1371/journal.pone.0100033.g001 



The Hmgr-1 (tm4368) Mutant can be Rescued with 
Mevalonate 

The hmgr-l(tm4368) deletion mutant lacks all but the first seven 
nucleotides of the first exon and lacks both exons 2 and 3 in their 
entirety, with the deletion ending in the middle of the third intron 
(Fig. 2A). The deletion removes the first 25 amino acids within the 
essential HMG-CoA reductase enzymatic domain, and an 
eventual transcript made from this mutant allele would carry a 
shifted open reading frame of 48 amino acids. The tm4368 allele is 
therefore very likely a null allele, a conclusion that is consistent 
with our experimental results. In particular, the hmgr- 1 (tm43 68) 
mutation is lethal on normal growth plates, but can be fuUy 
rescued by including 20 mM mevalonate (Fig. 2B— E). Testing the 
effects of different amounts of mevalonate led to the observation 
that while 2 mM is sufficient to rescue growth of L 1 s into adults, 
10 mM is required to restore a normal life span, and 20 mM is 
required to restore fuU reproductive potential. This suggests that 
several different physiological processes are dependent on the 
availability of mevalonate, with reproduction requiring the highest 
concentration. 

The hmgr-1 (tm4368) Mutant Exhibits Constitutively 
Activated UPR^' but not UPR""' 

We have previously shown that inhibiting HMGR- 1 in C. elegans 
using statins results in the activation of the endoplasmic reticulum 
unfolded protein response (UPR'") but not that of the UPR"'. The 
hmgr-1 (tm43 68) mutation recapitulates these pharmacological 
effects of statins: the UPR*^"^ reporter Phsp-4::GFP is strongly 
activated in the mutant grown without mevalonate while two 
UPR"" reporters, Phsp-6::GFP and Phsp-60::GFP are not (Fig. 3). 
Interestingly, hmgr-1 (tm43 68) worms grown without mevalonate 
for 24 hours wiU completely silence the UPR" reporter when 
provided with mevalonate for 72 hours. This indicates that the ER 
stress caused by the absence of mevalonate is reversible. The hmgr- 
l(tm4368) mutants also occasionally show strong UPR'"^ in 
disorganized embryos on either side of the spermatheca (see 
Fig. 3G-J) 



The hmgr-1 (tm4368) Mutant Exhibits Reversible 
Decreased Protein Prenylation 

Important outputs of the mevalonate pathway include pre- 
nylated lipids, namely farnesyl pyrophosphate (FPP) and geranyl- 
geranyl pyrophosphate (GGPP), that are essential for the 
prenylation of small GTPases and other proteins. Prenylation 
causes the membrane association of these proteins, and is therefore 
required for their activity. We previously developed a prenylation 
reporter in which the CAAX C-terminal domain of ras-2 is added 
to the GFP coding sequence such that the GFP becomes 
membrane-enriched when prenylated [7]. As with statin-treated 
worms, the hmgr- 1 (tm43 68) mutant exhibits a prenylation defect 
that is evident from the diffused distribution of the prenylation 
reporter (Fig. 4). This phenotype is abrogated when the mutant is 
grown continuously in the presence of 20 mM mevalonate (Fig. 4), 
and is also reversible since mutants grown in the absence of 
mevalonate for 24 hours, and showing loss of prenylation, wiU 
become normalized within a further 24 hours of cultivation in the 
presence of mevalonate (Fig. 4). 

The hmgr-1 (tm4368) Mutant Exhibits Irreversible Muscle 
Mitochondria Disorganization 

Patients receiving statin treatment occasionally experience 
muscle pains or, rarely, rhabdomyolysis [3,11], and these effects 
can be reproduced in animal models, including in rats [12]. Using 
a GFP reporter expressed specifically in body wall muscle nuclei 
and mitochondria, we found that statin treatment also causes 
disorganization of the muscle mitochondria C. elegans, and that this 
effect could be prevented by the inclusion of 20 mM mevalonate 
in the culture medium (Fig. 5A-C). Similarly, the hmgr-1 (tm43 68) 
mutant exhibits obvious muscle defects when grown without 
mevalonate, and this is only pardy reversible when mevalonate is 
supplied after a period of 24 hours of deprivation (Fig. 5D-F). C. 
elegans therefore also depends on a functional mevalonate pathway 
for maintenance of mitochondria organization in muscle. 

The hmgr-1 Gene is Expressed Most Strongly and 
Consistently in Spermatheca and Pharyngeal and Vulva 
Muscles 

To examine the expression pattern of hmgr-l, we created a 
transcriptional reporter, Phmgr- 1 r.GFP, and a translational report- 
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Figure 2. The hmgr-1 (tm4368) mutant is rescued by exogenous mevalonate. (A) Structure of the hmgr-1 gene; the region deleted in the 
tm4368 allele is underlined in red. (B-E) Effect of various concentrations of mevalonate on wild-type and hmgr-1 (tm4368) mutant worms showing 
representative images 96 hours after deposition of Lis onto new plates (B), length (C), total brood size (D) and life span (E). 
doi:1 0.1 371 /journal.pone.01 00033.g002 



er, Phmgr-1::HMGR-1::GFP. The transcriptional reporter is ex- 
pressed in several tissues, but predominantly in spermatheca, 
excretory canal cell, vulva muscles, the pharyngeal muscles pm3 
and pm8, the anal depressor and, more weakly, in the intestine 
(Fig. 6A-B). The translational reporter is strongest in the 
spermatheca, excretory canal cell and pharyngeal muscles, and 
is also expressed in the gonad sheath cell and the ventral nerve 
cord (Fig. 6C-D). These reporters likely provide an accurate view 
oi hmgr-1 expression given that the translational reporter effectively 
rescues the hmgr-l(tm4368) mutant (Fig. 6E-I). 



Activated ATFS-1 Rescues hmgr-1 Mutants in Low 
IVlevalonate Concentrations 

We previously showed that gain-of-fonction mutations in the 
UPR™' activator ATFS-1 can protect worms against mevalonate 
pathway inhibition using statins [8]. ATFS-1 is a leucine zipper 
transcription factor that contains a mitochondrial targeting signal 
(MTS) at its N terminus and a nuclear localization signal at its C- 
terminus; during mitochondrial stress ATFS-1 is not efficiently 
targeted to mitochondria and instead accumulates in the nucleus 
to activate UPR"" effectors [13-16]. Interestingly, the atfs-l(gof) 
mutants lacking a fiinctional MTS did not show improved statin 
resistance when exogenous mevalonate was provided, which we 
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Figure 3. The UPR*'' but not the UPR"" is activated in the hmgr-1 (tm4368) mutant. (A-B) The UPR'"' reporter Phsp-4::GFP is expressed in wild- 
type L4 worms exposed to 1 mM fluvastatin for 24 hours. (C-D) Ph5p-4::GFP is also expressed in hmgr-1 (tm4368) mutant L4s deprived of mevalonate 
for 24 hours, but is silenced within 72 hours when these worms are subsequently provided 20 mlVl mevalonate. (G-J) hmgr-l(4368) mutants 
frequently expressed high levels oi Phsp-4::GFP in what appear to be disorganized embryos on either side of the spermatheca (two are indicated by 
arrowheads in H). (K-L) The UPR™ reporters Phsp-6::G?? and Phsp-60::GFP are not expressed in the hmgr-1 (tm4368) deprived of mevalonate for 24 
hours. 

doi:10.1371/journal.pone.0100033.g003 



interpreted as evidence that statin.s do not fully inhibit HMG-CoA 
reductase in those experiments [8]. Here, we used the hmgr- 
l(tm4368) allele to test this hypothesis: it atfi-l(goJ) alleles acts by 
allowing C. elegans to survive and proliferate with residual output 
from the mevalonate pathway, then such alleles should improve 
the health and growth of hmgr-1 (tm43 68) null mutants provided 
with low doses of mevalonate. Fig. 7 shows that this is the case: 
1 mM mevalonate, which is too low a dose to rescue the hmgr- 
l(tm4368) mutants, greatly improved the growth of hmgr- 
l(tm4368); atfs-l(etl5) double mutants (Fig. 7A-B). Similarly, 
the double mutant showed an improved benefit from 1 mM 
mevalonate in terms of protein prenylation (Fig. 7C-D) and, to a 
weaker degree, also in muscle mitochondria morphology (Fig. 7E- 
F). 



The Mevalonate Pathway is Required for UPR"^' 
Activation 

We have shown that the UPR™' response confers protection 
against a limited mevalonate supply. It is therefore intriguing that 
the hmgr-1 (tm43 68) mutant fails to activate this response. One 
possibility is that mevalonate is itself required for UPR™' 
activation. This hypothesis was tested using paraquat, a known 
inducer of the UPR™' in C. elegans. While wild-type worms show 
strong induction of the Phsp-60::GFP \JWJ^^ reporter when grown 
on 0.5 mM paraquat, the hmgr-1 (tm43 68) mutant shows no such 
induction unless small amounts of mevalonate are provided 
(Fig. 8A— B). This strongly suggests that mevalonate is required 
for UPR™' activation. Note that small amounts of mevalonate 
supplied exogenously have no obvious effects on the Phsp-6()::GFP 
expression in wild-type or in the atfs-l(etl5) mutant (Fig. SI). 
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Figure 4. Exogenous mevalonate is essential for prenylation in the hmgr-1 (tm4368) mutant. The prenylation reporter pGL0-1P::GFP-CAAX 
becomes diffusedly distributed in wild-type LI worms exposed to 0.5 miVl fluvastatins for 24 hours (A-B) or in hmgr-l(4368) mutants deprived of 
mevalonate for 24 or 48 hours (C-E). hmgr-1 (4368) Lis deprived of mevalonate for 24 hours then provided with mevalonate for 24 hours show a clear 
restoration of prenylation (F). (G) Quantification of the degree of prenylation in the different genotypes and treatments. ***p<0.001 using Student's f- 
test. Arrowheads indicate membrane enriched GFP. 
doi:10.1371/journal.pone.0100033.g004 



Discussion 

The hmgr- 1 (tm43 68) recapitulates the effects of statins on C. 
elegans in several ways: it causes defects in growth, reproduction 
and protein prenylation, is rescued by exogenous mevalonate, 
exhibits constitutive activation of the UPR'"^ and require less 
mevalonate to be healthy when the UPR™' is activated by a 
constitutively active form of ATFS-1. Additionally, we observed 
that worms lacking a functional hmgr-1 develop severe defects in 
muscle mitochondria morphology and that these, as well as the 
protein prenylation defects, are reversible if mevalonate is 
provided within 24 hours. 

We previously noted that the mitochondrial stress caused by 
statins was unusual since it did not result in the activation of the 
UPR™', which would evidentiy be a suitable protective response as 
demonstrated by the fact that gain-of-function alleles of atfs-1, in 
which the UPR™' is constitutive, are resistant to statins [8]. The 
explanation for this conundrum is now clear: our present work. 



and that of Liu at al. [17], show that inhibition of the mevalonate 
pathway prevents the activation of the protective UPR™'. It seems 
possible that one or more small GTPases, which depend on the 
mevalonate pathway for their membrane association via prenyla- 
tion, may be required for UPR"" activation. The hypothesis 
clearly has merit given that RNAi against the small GTPase 
RHEB-1 prevents UPR™' activation in C. elegans [18], and that the 
mammalian homolog of RHEB- 1 , Rheb, is an important regulator 
of the mTOR Complex 1 (mTORCl) which has important roles 
in maintaining mitochondria homeostasis [19]. 

Our study of the hmgr-1 mutant suggests that different 
concentrations of mevalonate may be required for dififerent 
physiological processes: growth is completely rescued with as little 
as 2 mM, life span requires 10 mM and reproduction requires 
20 mM. The mevalonate pathway is responsible for the produc- 
tion of many important metabolites, and the enzymes involved in 
the different branches of the pathway have Kms that vary gready 
[6,20]. Thus, different concentrations of mevalonate will difFeren- 
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Figure 5. Exogenous mevalonate is essential for normal mitochondria morphology in the hmgr-1 (tm4368) mutant. Wild-type worms 
show rows of evenly spaced mitochondria when grown on normal plates (A) but exhibit disordered mitochondria when grown on 0.5 mM fluvastatin 
(B). Similarly hmgr-1 (tm4368) mutants grown on 20 mlVI mevalonate show rows of evenly spaced mitochondria (C) but exhibit disordered 
mitochondria when grown for 24 hrs or 48 hrs without mevalonate (D-E). hmgr-1 (tm4368) mutants grown without mevalonate for 24 hours then 
provided 20 mM mevalonate for 24 hours show partially normalized mitochondria morphology (F). All worms in this figure were L4s at the start of the 
experiment and carry the transgene ccls4251 that contains GFP reporters showing the body muscle nuclei and the morphology of their mitochondria 
[27]. (G) Is a quantification of the mitochondria ordering where the number of muscle cells from head to vulva were counted and scored as having 
intact mitochondria (as in A), disorganized mitochondria (as in D) or partially rescued mitochondria (as in F). GFP-positive nuclei are labeled with "N". 
doi:10.1371/journal.pone.0100033.g005 



tially rescue the various mevalonate pathway branches, with 
production of FPP used for farnesylation of small GTPases being 
the easiest to rescue. Given the important roles of small GTPases 
in many essential cellular processes ranging from cytoskeletal 
regulation to organelle homeostasis, it is likely that growth is 
critically dependent on their function, which is also the easiest to 
rescue with low amounts of mevalonate. That reproduction 
requires the highest amounts for rescue is particularly interesting 
given that the HMGR-1 protein is expressed at especially high 
levels in the spermatheca and that hmgr-1 mutants produce dead 



embryos that express high levels of a UPR''' reporter, namely Phsp- 
4::GFP. This strongly suggests that the production of healthy 
embryos requires high amounts of mevalonate. The mevalonate 
pathway, and in particular its output GGPP, is specifically 
important for germline development in several organisms, 
including DroiopAz/fl and zebrafish [21,22]. There may be a similar 
requirement during C. elegans germline development. 

In summary, we show that the hmgr-1 (tm43 68) mutant 
recapitulates in a more severe form the effects of statins in C. 
ekgans and that different amounts of mevalonate are required for 
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Figure 6. Several tissues express hmgr-1 reporters. Expression of the Phmgr-1::GFP transcriptional reporter (A-B) and Phmgr-1::HMGR-1::GFP 
translational reporter (C-D). Structures labeled are as follows: ad (anal depressor), exc (excretory canal), gs (gonad sheath), hmc (head mesodermal 
cell), i (intestine), pml, pm3 and pm8 (pharyngeal muscles 1, 3 and 8), sp (spermatheca), vm (vulva muscles), vnc (ventral nerve cord). (E-F) and (G-H) 
respectively show GFP-negative and GFP-positive progeny from hmgr-1 (4368); Ex[Phmgr-l ::HMGR-1 ::GFP rol-6] transgenic animals grown on normal 
plates, i.e. without exogenous mevalonate; the GFP-positive progeny grow as well as wild-type animals while the GFP-negative progeny do not grow 
(I). ***p<0.001 using Student's f-test. 
doi:10.1371/journal.pone.0100033.g006 



different physiological processes, with reproduction requiring the 
highest levels. 

Materials and Methods 

C. elegans Strains and Cultivation 

AH genotypes were maintained as described previously [23] and 
grown at 20°C unless otherwise stated. The Bristol strain N2 was 
used as wild type (WT). The foUowrng alleles and transgenic lines 
were obtained from the Caenorhabditis Genetics Center: ccls4251[p- 
SAK2(Pmyo3::NLS::GFP::Lac^; pSAK4(Pmyo3::mtGFP); dpj-20(+)], 
ZcIs4[phsp4::GFP], zcIs9[hsp~60::GFP], zcIsl3[hsp-6::GFP\, atfs- 
l(gk3094), and hmgr-l(tm4368). The hmgr-1 (tm43 68) allele was 
outcrossed ten times to wild-type worms prior to the experiments 
described here. 

Preparation of Plates with Additives 

Fluvastatin-containing plates were made as previously described 
[7,8]. Briefly, 40 mg fluvastatin was dissolved in 2.31 ml dHjO. 
Insoluble components were spun down at 5 000 for 10 min (at 
20°C). The supernatant was frlter-sterUized and the OD305 ni,, was 
measured to determine the final concentration using a standard 
curve plotted from a known concentration of fluvastatin. 
Fluvastatin was added directly into NGM media (55°C), to final 
concentrations of 0.5 mM or 1 mM. Mevalonolactone (Sigma) 
and paraquat (Sigma) were dissolved in dHgO to produce a 1 M 



and 100 mM stock solutions, respectively; these were added 
directly into NGM media (55°C) to achieve the desired 
concentrations. 

Growth Assay 

Synchronized LI larvae were placed onto NGM plates and 
plates containing different concentrations of mevalonic acid. After 
96 hrs, worms were mounted on glass slides, images were acquired 
in bright field and worm lengths were measured with the ImageJ 
software (National Institutes of Health) [24]. 

Brood Size Assay 

Synchronous Lis were plated onto NGM plates containing 
20 mM mevalonic acid seeded with OP50. When grown to the L4 
stage at least 15 worms were singled out onto new NGM plates 
and plates containing different concentrations of mevalonic acid. 
The worms were transferred daily during the fertile period and live 
progeny were counted 3 days after removal of the hermaphrodite. 

Life Span Assay 

Synchronous L4s that were grown on 20 mM mevalonic acid 
were plated in groups of 5 worms onto NGM and different 
concentrations of mevalonic acid plates. The worms were 
transferred every second day during the fertile period and once 
a week thereafter. All worms were monitored every day and scored 
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Figure 7. The atfs-1(et15) mutation suppresses hmgr-1 (tm4368) mutant pKienotypes when small amounts of mevalonate are 
provided. Length (A-B), membrane localization of the prenylation reporter pGLO-1 P::GFP-CAAX (C-D) and mitochondria structure (E-F) are 
significantly improved by the addition of 1 mM mevalonate in atfs-l(etl5); hmgr-1 (tm4368) double mutants than in hmgr-1 (tm4368) single mutants. 
GFP-positive nuclei are labeled with "N". *p<0.05 and ***p<0.001 using Student's f-test. 
doi:1 0.1 371 /journal.pone.01 00033.g007 



as dead when failing to respond upon several touches on the head 
with the worm-pick. 

Prenylation Assay 

The prenylation assay was performed as previously described 
[7] . Briefly, the plasmid pGLO-lP::GFP-CAAX carries the intesti- 
nal-specific promoter glo-1 to express a modified GFP fused to the 
last 12 aa of the C. ekgans ras-2 gene, including the terminal 
prenylation motif sequence. The hmgr- 1 (tm43 68) mutant that were 
crossed with the prenylation reporter were placed on 20 mM 



mevalonic acid and their progeny (LI larvae) were scored for the 
number of GFP-enriched intestinal cells 24 hours later. 

Plasmid Constructions 

The hmgr-lP::GFP transcriptional reporter was constructed by 
first amplifying 3.06 kb of sequence upstream of the start codon 
using the primers 5'- GT TCTAGA GCTGAAGATGGGC- 
TAGTTTG-3' (Xba/ site underlined) and 5'- 
GTGGATCCCGCTTATCCGCCACCATAA-3' (BamHI site 
vmderlined) and lysed N2 worms as source of template. The 
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Figure 8. Mevalonate is required for UPR"" induction. Synchronized Lis were grown for 24 hours on normal plates or, in the case of hmgr- 
l(tm4368), plates containing 20 mlVl mevalonate, then transferred to experimental plates and scored after a further 48 hours. Note that paraquat does 
not cause UPR™ activation in the hmgr-1 (tm4368) mutant unless mevalonate is provided. ***p<0.001 using Student's f-test. 
doi:1 0.1 371 /journal.pone.01 00033.g008 



resulting PGR product was cloned into the pCR-Blunt II-TOPO 
vector (InVitrogen), and then subcloned as a Xba/-BamHI 
fragment into the corresponding sites of pPD95.75 to produce a 
GFP reporter driven by the hmgr-1 regulatory region. The hmgr- 
IP:: hmgr-lr.GFP translational reporter was similarly constructed 
but using instead the following primer pairs: 5'- GT TCTA- 
GAGCTGAAGATGGGCTAGTTTG-3 ' (Xba/ site underlined) 
and 5'- GTGGATCCCATTGTACAACATCTTGTGGC-3' 
(BamHI site underlined). 

PCR Detection of the hmgr-1 Mutation 

The hmgr- 1 (tm43 68) allele carries a 620 bp deletion that spans 
the three first exons. The following primers were used to 
distinguish the wild type and mutant loci: 5'- GGTGCGATCAA- 
CATTAGCAA -3' and 5'- CCACGATTTGTGGATGCAAT 
— 3' which give a 924 band in wild type and a 305 bp band in the 
mutant. 

Generation of Transgenic Worms 

Germ-line transformation was performed as described by Mello 
et al. [25] and the dominant rol-6(sul006) was used as a marker for 
transgenic worms. Plasmids were prepared with a Qiagen 
miniprep kit and used at the following concentrations: pRF4(rol- 
6) of 25 ng/|a,L, test plasmids of 1 ng/|J.L and pBSKS (Stratagene) 
of 74 ng/|j,L. 



Fluorescent and Differential Interference Contrast (DIC) 
Microscopy 

Worms were placed on 2% agarose pads, on glass slides in a 
drop of 1 0 mM levamisole as anesthetic and overlaid with a cover 
slip, then observed with a Zeiss Axio Scope. Al microscope using a 
GFP filter or DIC optics. Images were taken using the Axiovision 
4.7 program (Zeiss), further processed using Photoshop (Adobe) 
and quantified with the ImageJ software (National Institutes of 
Health) [24]. 

Supporting Information 

Figure SI Low amounts of mevalonate have little effect 
on UPR°**. N2 (WT) and atfs-l(etl5) worms carrying the Pksp- 
60::GFP transgene were spotted as L 1 s on experimental plates then 
scored after 96 hrs. 
(TIF) 

Acknowledgments 

Wc thank Julie Grantham for comments on the manuscript. 

Author Contributions 

Conceived and designed the experiments: PR MR MP. Performed the 
experiments: PR MR CP. Analyzed the data: PR MR CP MP. Wrote the 
paper: PR MR MP. 



PLOS ONE I www.plosone.org 



9 



June 2014 | Volume 9 | Issue 6 | e100033 



hmgr-1 Mutant in C. elegans 



References 

1. Goldstein JL, Brown MS (1990) Regulation of the mevalonate pathway. Nature 
343: 425-430. doi: 10. 1038/34342.'ja0. 

2. Miziorko HM (2011) Enzymes of the mevalonate pathway of isoprenoid 
biosynthesis. Areh Biochem Biophys 505: 131-143. doi:10.1016/ 
j.abb.2010.09.028. 

3. Golomb BA, Evans MA (2008) Statin adverse effects: a review of the literature 
and evidence for a mitochondrial mechanism. AmJ Cardiovasc Drugs 8: 373- 
418. 

4. Patel TN, Shishehbor MH, Bhatt DL (2007) A review of high-dose statin 
therapy: targeting cholesterol and inflammation in atherosclerosis. Eur Heart J 
28: 664-672. doi:10.1093/eurheartj/ehl445. 

,5. Konstantinopoulos PA, Karamouzis MV, Papavassiliou AG (2007) Post- 
translational modifications and regulation of the RAS superfamily of (j TPases 
as anticancer targets. Nature reviews Drug disco\'cry 6: ,')41 ,'):x5. doi:10. 1038/ 
nrd2221. 

6. Rauthan M, Pilon M (201 1) The mevalonate pathway in (1 ekgam. Lipids Health 
Dis 10: 243. doi:10.1 186/1476-51 lX-10-243. 

7. Morck C, Olsen L, Kurth C, Persson A, Storm NJ, et al. (2009) Statins inhibit 
protein Hpidation and irrduce the unfolded protein response in the non-sterol 
producing nematode Caenorhahditis ekgam. Proc Natl Acad Sci USA 106: 18285- 
18290. doi: 1 0. 1073/pnas.0907 1 17106. 

8. Rauthan M, Ranji P, Aguilera Pradenas N, Pilot C, Pilon M (2013) The 
mitochondrial unfolded protein response activator Al'PS-1 protects cells from 
inhibition of the mevalonate pathway. Proceedings of the National Academy of 
Sciences 110: 5981-5986. doi:10.1073/pnas. 12187781 10. 

9. Ruan J, Li H, Chen Z, &)ghlan A, Coin LJM, et al. (2008) TrccFam: 2008 
Update. Nucleic Acids Res 36: D735-D740. doi:10.1093/nar/gkml005. 

10. Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk W, et al. (2010)New 
algorithms and methods to estimate maximum-likelihood phylogenies: assessing 
the performance of PhyML 3.0. Syst Biol 59: 307-321. doi:10.1093/sysbio/ 
syqOlO. 

11. Abd TT, Jacobson TA (2011) Statin-induced myopathy: a review and update. 
Expert Opin Drug Saf 10: 373-387. doi: 10.15 17/ 14740338.201 1.540568. 

12. Westwood FR, Scott RC, Marsdcn AM, Bigley A, RandaU K (2008) 
Rosuvastatin: characterization of induced myopathy in the rat. Toxicol Pathol 
36: 345-352. doi:10.1177/0192623307311412. 

13. Haynes CM, Ron D (2010) The mitochondrial UPR - protecting organelle 
protein homeostasis. J Cell Sci 123: 3849-3855. doi:10. 1242/jcs.0751 19. 



14. Nargund AM, PcUegrino MW, Fiorcsc CJ, Baker BM, Haynes CM (2012) 
Mitochondrial import elliciencv of ATFS-1 regulates mitochondrial UPR 
activation. Science 337: .587-590. doi:10.1 126/science. 1223560. 

15. Haynes CM, Yang Y, Blais SP, Neubert TA, Ron D (2010) The matrix peptide 
exporter HAF-1 signals a mitochondrial UPR by activating the transcription 
factor ZC376.7 in C. elegans. Mol CcU 37; 529-540. doi:10.1016/j.mol- 
cel.2010.01.015. 

16. Baker BM, Nargund AM, Sun T, Haynes CM (2012) Protective coupling of 
mitochondrial function and protein synthesis via the elF2a kinase GCN-2. PLoS 
Genet 8: cl002760. doi:10.1371/journal.pgen.l002760. 

17. Liu Y, Samuel BS, Breen PC, Ruvkun (i (2014) Caenorhabditu elegans pathways 
that surveil and defend mitochondria. Nature: 1-17. doi:10.1038/naturel3204. 

18. Haynes CM, Petrova K, Bencdctti C, Yang Y, Ron D (2007) ClpP mediates 
activation of a mitochondrial unfolded protein response in C. elegans. Dev Cell 
13: 467-480. doi:10.1016/j.devcel.2007.07.016. 

19. Groenewoud MJ, Zwartkruis FJT (2013) Rheb and mammalian target of 
rapamycin in mitochondrial homoeostasis. Open Biol 3: 130185. doi:10.1098/ 
rsob.130185. 

20. Winter- Vann AM, Casey PJ (2005) Post-prcnylation-proccssing enzymes as new 
targets in oncogenesis. Nat Rev Cancer 5: 405-412. doi:10.1038/nrcl612. 

21. Santos A(^, Lehmann R (2004) Isoprenoids control germ cell migration 
downstream of HMGCoA reductase. Dev Cell 6: 283-293. 

22. I horpc JL, Doitsidou M, Ho S-Y, Raz E, Farber SA (2004) Germ cell migration 
in zebrafish is dependent on HMGCoA reductase activity and prenylation. Dev 
Cell 6: 295 302. 

23. Sulston JL, Hodgkin JA (1988) Methods. The Nematode Caemoihabditis elegans. 
Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press. 587—606. 

24. Schneider CA, Rasband VVS, Lliceiri KVV (2012) NIH Image to ImageJ: 25 
years of image analysis. Nat Methods 9: 671-675. doi:10.1038/nmeth.2089. 

25. Mello CC, Kramer JM, Stinchcomb D, Ambros V (1991) Eliicient gene transfer 
in C. ekgajts: extrachromosomal maintenance and integration of transforming 
sequences. EMBOJ 10: 3959-3970. 

26. Sakai J, Nohturfift A, Goldstein JL, Brown MS (1998) Cleavage of sterol 
regulatory element-binding proteins (SRLBPs) at site- 1 requires interaction with 
SREBP cleavage-activating protein. Journal of Biological Chemistry 273: 5785- 
5793. doi:10.lb74/jbc.273. 10.5785. 

27. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, et al. (1998) Potent and 
specific genetic interference by double-stranded RNA in Caenorhahditis elegans. 
Nature 391: 806-811. 



PLOS ONE I www.plosone.org 



10 



June 2014 I Volume 9 | Issue 6 | e100033 



